Group B3 coxsackievirus (CVB3) is a major human pathogen that causes meningitis and myocarditis (10, 14) . Despite extensive efforts, no specific and approved treatment has been developed that is effective against CVB3-induced diseases. New therapeutic options and antiviral drugs need to be explored.
We and others have previously demonstrated that CVB3 employs strategies similar to those of other viruses, such as host signaling manipulation and host protein regulation, to facilitate its own replication. Upon CVB3 infection, several intracellular signaling pathways are activated, including the extracellular signal-regulated kinases 1 and 2 (ERK1/2) (15, 19) , c-Jun N-terminal kinase (JNK) (12, 25) , p38 mitogenactivated protein kinase (MAPK) (25) , and phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB) pathways (8, 38) . Activation of these pathways is required for CVB3 infectivity. We have also demonstrated that CVB3 infection promotes host protein degradation and that proteasome inhibition reduces CVB3 replication, suggesting a critical role for the ubiquitin-proteasome system (UPS) in the viral life cycle (16) .
The UPS is a major intracellular pathway for extralysosomal protein degradation (1, 7, 22, 35) . There are two coupled steps involved in protein degradation: (i) covalent attachment of ubiquitin to the target protein substrate and (ii) degradation of the polyubiquitinated protein by the proteasome with the release of recyclable ubiquitin. Ubiquitin is a highly conserved 76-amino-acid protein that is activated in an ATP-dependent process by the ubiquitin-activating enzyme (E1) and subsequently transferred to a ubiquitin-conjugating enzyme (E2). Final transfer of ubiquitin to the target protein requires ubiquitin-protein ligase (E3). After several rounds of ubiquitination, a polyubiquitin chain is formed (21, 32) . The ubiquitinated substrate is recognized and subsequently degraded by the 26S proteasome, and ubiquitin is recycled via the action of deubiquitinating enzymes (DUBs). The 26S proteasome consists of a central catalytic core, the 20S proteasome, and two regulatory 19S complexes. Three distinct proteolytic activities of the 20S proteasome have been reported: trypsin-like, chymotrypsin-like, and peptidylglutamyl-peptide hydrolase (PDGH) activities.
Curcumin (diferuloylmethane) is a natural polyphenolic compound extracted from the spice turmeric (Curcuma longa). Recent studies have shown a promising potential for curcumin in the treatment of various forms of cancer and cardiovascular diseases (1, 7, 22, 35) . Curcumin has been reported to have profound anti-inflammatory, antioxidant, and antiproliferative properties, acting through modulation of multiple cellular machineries. It inhibits several intracellular signaling pathways, including the MAPKs, PI3K/PKB, and nuclear factor kappa B (NF-B) (4, 6, 28) . It has also been well documented that curcumin is an inhibitor of the COP9 signalosome (CSN) through inhibition of its associated kinases, such as casein kinase II (CKII) and protein kinase D (PKD) (6, 31) . In addition, recent evidence has demonstrated that exposure to curcumin leads to dysregulation of the UPS (9, 18) .
Based on our previous knowledge of the regulation of CVB3 replication and the known biological properties of curcumin, we propose that curcumin may be an attractive agent for the treatment of CVB3 infection. In this study, we investigated the effects of curcumin treatment on CVB3 infectivity and explored the potential mechanisms of its action. We found that curcumin treatment effectively reduced CVB3 replication. Further, we demonstrated that curcumin inhibition of CVB3 replication is independent of its ability to interfere with intracellular signaling pathways, including MAPKs, CKII, and Jab1, and instead is likely mediated by curcumin-induced dysregulation of the UPS. leupeptin/ml, and 1 mM phenylmethylsulfonyl fluoride) on ice for 10 min. Cell lysates were then harvested by scraping and were centrifuged at 12,000 ϫ g for 10 min at 4°C. The protein concentration was determined by the Bradford assay (Bio-Rad). Equal amounts of protein were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis and then transferred to nitrocellulose membranes (Amersham). The membranes were blocked for 1 h with 5% nonfat dry milk solution containing 0.1% Tween 20. The blots were then incubated for 1 h with the primary antibody, followed by incubation for another hour with a secondary antibody. Immunoreactive bands were visualized by enhanced chemiluminescence (Pierce). For examination of protein-ubiquitin conjugates and free ubiquitin, membranes were heat activated by autoclaving them at 120°C for 30 min prior to blocking them with nonfat dry milk solution in order to increase antigenic-site recognition.
20S proteasome activity assay. The cell lysates were prepared as described above but in the absence of protease inhibitors. Fresh cellular extracts and purified human 20S proteasomes were used to measure 20S proteasome activities as described previously (16) . In brief, 20 micrograms of cytoplasmic protein was added to an assay buffer (20 mM Tris-HCl [pH 8.0], 1 mM ATP, and 2 mM MgCl 2 ) in the presence of 75 M synthetic fluorogenic substrate to a final volume of 100 l. Alternatively, 100 nanograms of purified 20S proteasome was preincubated with DMSO, curcumin, or MG132 in the assay buffer at 37°C for 30 min before synthetic fluorogenic substrates were added. The fluorogenic substrates Bz-Val-Gly-Arg-AMC (Biomol), Suc-Leu-Leu-Val-Tyr-AMC (Calbiochem), and Z-Leu-Leu-Glu-AMC (Calbiochem) were used to determine the 20S proteasome trypsin-like, chymotrypsin-like, and PDGH activities, respectively. The tubes were incubated at 30°C for 1 h, and the fluorescence product AMC in the supernatant was measured at a 465-nm emission wavelength using a fluorometer.
Deubiquitinating enzyme activity assay. Cell lysates were prepared as described previously (2) . Briefly, HeLa cells were harvested in suspension buffer (20 mM HEPES-K, pH 7.5, 10 mM KCl, 5 mM MgCl 2 , 0.5 mM dithiothreitol, 0.5 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 0.5% NP-40, DNase I [50 g/ml], 4% glycerol) and incubated on ice for 20 min. The suspension was centrifuged at 100,000 ϫ g for 10 min at 4°C, and the supernatant was collected. Ten micrograms of supernatant was added to an assay buffer (50 mM HEPESNaOH, pH 7.8, 0.5 mM EDTA, 1 mM dithiothreitol, 0.1 mg/ml ovalbumin) and incubated for 1 h at 37°C in the presence of 1 M ubiquitin-AMC substrate (Biomol). The fluorescence of the liberated AMC was measured at a 465-nm emission wavelength using a fluorometer.
siRNA transfection. HeLa cells were grown to 50% confluence and then transiently transfected with 200 nM Jab1, CKII␣, or CKII␤ siRNA using oligofectamine according to the manufacturer's instructions (Invitrogen). A scrambled siRNA (200 nM) was used as a control. The silencing efficiency was detected by Western blot analyses using the anti-Jab1, anti-CKII␣, or anti-CKII␤ antibody, respectively. Twenty-four hours after transfection, cells were infected with CVB3 as described above.
Virus binding assay. Virus was radiolabeled and purified as previously described (34) . Briefly, HeLa cells were infected with CVB3 in methionine-free medium for 3 h and then incubated with medium containing 19.4 MBq/ml (525 Ci/ml) of Tran 35 S-label (MP Biomedicals) for an additional 8 h. The HeLa cells and medium were harvested and then frozen and thawed three times. After centrifugation, the pellet containing 35 S-labeled CVB3 was resuspended in serum-free DMEM, the virus titer was measured by plaque assay, and aliquots were stored at Ϫ80°C.
For the virus binding assay, HeLa cells were incubated with 35 S-labeled CVB3 for 1 h. The cells were washed thoroughly with PBS and lysed with 2% sodium dodecyl sulfate. The amounts of 35 S-labeled CVB3 in the samples were measured using a 1217 Rackbeta liquid scintillation counter (LKB Wallac).
RESULTS

Curcumin inhibits replication of CVB3.
Curcumin is a natural compound that has been reported to have antioxidant, anti-inflammatory, and antiproliferative properties (1, 7, 22) . In this study, we found that curcumin was a potent inhibitor of CVB3 replication. Curcumin treatment reduced expression of CVB3 viral RNA in infected HeLa cells, as measured by in situ hybridization (Fig. 1A) . Curcumin treatment also decreased synthesis of the viral capsid protein VP1 in a dose-dependent manner (Fig. 1B) . In addition, the CVB3 viral titer in the In trying to understand which step(s) of the CVB3 life cycle was disrupted by curcumin, we performed a virus binding assay using 35 S-labeled CVB3. As shown in Fig. 1D , treatment with curcumin did not reduce virus binding to its receptors. We also examined the expression of viral protein in infected cells that were treated with curcumin at various times, either pre-or postinfection. We found that the reduction of viral-protein expression was more profound when curcumin was added earlier in the infectious cycle than when it was added later ( Cell nuclei were counterstained with hematoxylin (blue). The data represent the results from two independent experiments. (B) HeLa cells were infected and treated with various concentrations of curcumin as for panel A. Seven hours postinfection, CVB3 viral-protein synthesis was examined using a monoclonal antibody that recognizes the CVB3 capsid protein VP1. To verify equal loading, the same blots were stripped and reprobed for ␤-actin. The data represent results from three independent experiments. (C) HeLa cells were infected and treated with curcumin as for panel A. Nine hours postinfection (p.i.), medium was collected and CVB3 progeny were measured by plaque assay. The data are means plus standard deviations (SD); n ϭ 3; #, P Ͻ 0.005 compared to DMSO treatment. (D) HeLa cells were infected with 35 S-labeled CVB3 for 1 h. Cell lysates were collected and measured for radioactivity using a scintillation counter (mean Ϯ SD; n ϭ 6). CPM, counts per minute. (E) HeLa cells were infected with CVB3, and curcumin (30 M) was added to the cells at different times as indicated. Seven hours postinfection, cell lysates were collected and expression levels of VP1 and ␤-actin were examined.
CVB3 life cycle. This finding is consistent with our other observation that curcumin treatment significantly reduced the replication of the CVB3 genome (Fig. 1A) , an early step in the CVB3 life cycle.
Selection of 10 to 40 M of curcumin for these studies was based on the observed low toxicity, but also the dose-dependent antiviral effects, of the compound under our experimental conditions. Treatment with higher concentrations of curcumin (Ͼ40 M) led to cell toxicity, as determined by cell viability assays and morphological assessment (data not shown).
CVB3 infection leads to cytopathic effect (CPE) and apoptosis of infected cells (5, 16, 37) . To investigate whether the antiviral activities of curcumin are associated with a reduction of CPE and apoptotic events, we compared the morphologies of infected cells in the presence or absence of curcumin. We found that curcumin treatment attenuated CVB3-induced CPE in infected cells (Fig. 2A) . We further demonstrated that exposure to curcumin prevented the cleavage of caspase 3, a hallmark of apoptosis, in infected cells, which was accompanied by a reduction of viral protein synthesis (Fig. 2B) . It was noted that, without viral infection, curcumin (30 M) treatment did not induce caspase 3 cleavage under the same experimental conditions described in the presence of viral infection (Fig. 2B) . Several previous studies have reported that curcumin treatment can activate caspase 3 (9, 30, 39) . One explanation for the disparity is that in the present study we treated the cells with curcumin for only 7 h, whereas cells were treated for at least 16 h in previous reports. Indeed, we found that prolonged exposure to 30 M curcumin did induce apoptosis in HeLa cells (data not shown). Thus, it is unlikely that curcumin has a direct inhibitory effect on apoptosis. We therefore conclude that curcumin inhibits replication of CVB3 and subsequently reduces CVB3-induced CPE and apoptosis. Curcumin inhibits CVB3 replication independently of the activation of MAPKs. CVB3 infection results in activation of MAPKs, including ERK1/2, p38 MAPK, and JNK1/2, and activation of these kinases plays critical roles in various steps of the CVB3 life cycle (15, 19, 25) . Curcumin has been reported to be a potent MAPK inhibitor in various models (27, 28) . To investigate whether the antiviral activity of curcumin depends on its role in the modulation of MAPK activation, we examined the phosphorylation status of MAPKs. As shown in Fig. 3 , in the absence of viral infection, treatment with curcumin did not induce MAPK phosphorylation. Following CVB3 infection, phosphorylation of ERK1/2, p38, and JNK1/2 was increased at 7 h postinfection. However, no apparent changes in the phosphorylation levels of MAPKs were observed after the addition of curcumin to infected cells, suggesting that it is unlikely that curcumin inhibits replication of CVB3 through the regulation of MAPK activation.
We also found that curcumin treatment did not inhibit CVB3-induced PKB phosphorylation in our model (data not shown), indicating that curcumin suppression of CVB3 is also not via the PI3K/PKB pathway.
Suppression of CVB3 replication by curcumin is independent of its inhibitory effect on CSN and associated CKII. It has been well documented that curcumin is an inhibitor of the COP9 signalosome through the inhibition of its associated kinases, such as CKII and PKD (6, 31) . To determine whether curcumin suppresses the replication of CVB3 by inhibiting CSN, we used various siRNAs to gene silence the expression of CSN and CKII. We first examined whether CKII was necessary for the replication of CVB3. CKII, a serine/threonine kinase that phosphorylates acidic protein, such as casein, has a tetrameric ␣ 2 ␤ 2 structure with two ␣ subunits, ␣ and ␣Ј, and one common ␤ subunit. We found that knockdown of the ␣ subunit (Fig. 4A) or both the ␣ and ␤ subunits (Fig. 4B ) of CKII did not reduce synthesis of viral protein in infected cells, suggesting that the activity of CKII was not essential for the replication of CVB3 and thus was not likely the cellular target of curcumin responsible for viral inhibition.
Since CKII is not the only kinase associated with CSN, we also examined the role of CSN in CVB3 replication by gene silencing Jab1, a subunit of CSN, using siRNA (Fig. 4C) . The finding that VP1 expression after knockdown of Jab1 was as robust as that in control cells suggested that CSN may not be the critical target for curcumin to execute its potent antiviral activities.
Curcumin likely inhibits replication of CVB3 through the dysregulation of the UPS. Several recent studies have shown that curcumin is capable of modulating the function of the ubiquitin-proteasome system (9, 18) . We have previously demonstrated that the UPS plays a critical role in the regulation of coxsackievirus replication (16, 26) . To explore the potential roles of the UPS in mediating the antiviral activities of curcumin, we examined the effect of curcumin on the UPS. As shown in Fig. 5A , curcumin treatment resulted in an increased accumulation of protein-ubiquitin conjugates, which was accompanied by a decrease in the free ubiquitin level. Interestingly, we found that accumulation of ubiquitin conjugates in curcumin-treated cells far exceeded that in MG132-incubated cells (Fig. 5B) .
To understand how curcumin manipulates the UPS, we examined proteasome activities in curcumin-treated cells. We have previously demonstrated that proteasome activities were unchanged after CVB3 infection of HeLa cells and murine cardiomyocytes (16, 17) . Thus, it is unlikely that virus infection affects the role of curcumin in the regulation of UPS. Here, we measured the proteasome activities after curcumin treatment in the absence of viral infection. As shown in Fig. 6A , curcumin treatment reduced chymotrypsin-like, trypsin-like, and PDGHlike activities of the 20S proteasome by nearly 30%. However the inhibition was not as profound as that with MG132 treatment (5 M). Considering that synthetic fluorogenic substrates can be cleaved not only by the 20S proteasome, but also by other proteases present in the cell lysates, we then investigated the direct effects of curcumin on proteasome proteolytic activities using purified 20S proteasome. As shown in Fig. 6B , curcumin dramatically inhibited the chymotrypsin-like, trypsinlike, and PDGH-like hydrolytic activities of purified 20S proteasome by more than 90%. Interestingly, the inhibitory effect of curcumin (30 M) on proteasome activities was found to be greater than that by MG132 (5 M). This result is consistent with our observation in Fig. 5B , which shows that curcumin treatment induced a larger accumulation of ubiquitin conjugates than MG132 treatment.
MG132 has been reported to be a potent yet nonspecific inhibitor of the 20S proteasome. It also targets other cellular proteases, such as cathepsins and calpains (13) . The greater reduction of 20S proteasome activities by MG132 (5 M) than by curcumin (30 M) in cellular extracts (Fig. 6A) is likely due to the nonspecific inhibitory effects of MG132 on other proteases.
Protein ubiquitination can also be regulated by DUBs that specifically cleave ubiquitin from ubiquitin-conjugated protein substrates (33) . We found that CVB3 infection did not change the DUB activities (Fig. 7A) . However, treatment with curcumin significantly reduced the activities of DUBs by nearly 30% under our experimental conditions (Fig. 7B) , which is consistent with a previous report that curcumin is an inhibitor of ubiquitin isopeptidases (18) . The combined inhibitory effects on 20S proteasome activities and on DUB activities may explain the marked accumulation of protein-ubiquitin conjugates in curcumin-treated cells. The reduction of the available pool of free ubiquitin in infected cells upon curcumin treatment may thus limit replication of CVB3 in a fashion similar to what we have previously suggested using proteasome inhibitors.
DISCUSSION
In the present study, we have provided evidence that curcumin is a novel inhibitor of CVB3 replication. We showed that curcumin strongly reduces viral-RNA expression, protein synthesis, and virus titer but does not interfere with CVB3 binding to its receptors. We further demonstrated that inhibition of CVB3 by curcumin is likely attributable to the impairment of UPS function. Other potential targets of curcumin, such as MAPKs, CKII, and CSN, are unlikely to be involved in its antiviral mechanisms against CVB3. Several novelties compared to previous research are presented in this paper. First, to our knowledge, this is the first report showing that curcumin can inhibit coxsackievirus replication. Although curcumin has been previously implicated in the treatment of cancer and cardiovascular diseases, the antiviral mechanism of this naturally occurring compound gives us a unique opportunity to design more specific molecular medicines against coxsackievirus infection. Second, many biological activities have been associated with the function of curcumin; however, we provide the first evidence that inhibition of 20S proteasome and isopeptidase activities contributes to its anticoxsackieviral properties. Third, the CSN is important in the regulation of several host proteins that are substrates of the 26S proteasome. Our findings that exclude a role of the CSN pathway in coxsackievirus replication further narrow the possible UPS substrates relevant to controlling viral replication. Finally, we demonstrate for the first time that curcumin inhibits 20S core proteasome activities directly and that such inhibition is at least as potent as that of MG132.
There is increasing evidence that the UPS, the major protein degradation pathway, plays critical roles in various steps of viral life cycles, including virus entry, viral replication, budding and progeny release, and latent-virus reactivation (20, 24, 29, 36, 40) . We have previously shown that CVB3 infection results in degradation of several host proteins, such as cyclin D1, p53, and ␤-catenin, through the UPS (17, 26, 37) . Specific inhibitors of the proteasome significantly reduce the replication of CVB3, possibly by decreasing free ubiquitin levels, thereby preventing CVB3 from utilizing the host protein ubiquitination machinery for its own benefit. Indeed, we have found that protein ubiquitination is increased after CVB3 infection and that depletion of the cellular pool of ubiquitin by siRNA significantly inhibits CVB3 replication in infected cells (unpublished data). In this study, we reported that curcumin dysregulates the UPS function through inhibition of 20S proteasome activities and isopeptidase activities, consistent with previous observations (9, 18) . Dysregulation of the UPS, especially diminution of the free ubiquitin levels by curcumin, may largely account for its strong anticoxsackieviral activities. The CSN is a multiprotein complex composed of eight subunits. There is a striking homology between the CSN and the 19S regulatory complex of the proteasome, suggesting that they have a common ancestor and possibly possess similar biochemical properties. The CSN has been demonstrated to regulate the degradation of several substrates of the 26S proteasome, such as p53 and c-Jun, through phosphorylation by its associated kinases, CKII and PKD (3, 31) . Curcumin has been reported to be an inhibitor of the CSN, working through inhi- bition of the activities of its associated kinases (3). Treatment with curcumin significantly increases the expression levels of p53 (3) . We have previously shown that CVB3 infection results in the degradation of p53 (17) . Here, we found that inhibition of the CSN by curcumin or Jab1 siRNA partially restores the expression of p53 in infected cells (data not shown). However, only curcumin, but not Jab1 siRNA, shows strong antiviral activity, suggesting that curcumin inhibits CVB3 replication through mechanisms independent of its effects on CSN. The finding that siRNAs for ␣ and ␤ subunits of CKII have no effect on the expression of CVB3 protein further supports the view that the CSN is not the primary target for curcumin inhibition of CVB3 replication. Several other biological actions of curcumin have been reported previously, such as inhibition of MAPKs and protein kinase C (PKC) (11, 23) . We and others have shown that activation of MAPKs following CVB3 infection plays a critical role in the regulation of viral replication (15, 19, 25) . In this study, we explored whether inhibition of MAPKs contributed to the antiviral activities of curcumin and found that MAPKs were activated in infected cells regardless of the presence or absence of curcumin, excluding such a possibility. We did not examine the correlation between PKC activation and curcumin inhibition of CVB3 in the present study, since we have previously found that PKC inhibitors did not reduce the replication of CVB3 (unpublished results). The importance of other physiological targets of curcumin, such as NF-B, is under investigation in our laboratory.
In conclusion, we have shown for the first time that curcumin is a potent inhibitor of the replication of CVB3. Although many biological properties have been reported for curcumin, the dysregulation of the UPS likely contributes to its antiviral properties. Further, the integrity of CSN is unlikely to be necessary for the life cycle of CVB3, since gene silencing of either a CSN-associated kinase or subunits of CSN does not prevent CVB3 replication in infected HeLa cells. 
